A new chemical passivation technique, which contained 20 g/L hydrogen peroxide, 3.75 g/L sodium silicate, 1.25 g/L sodium carbonate, 3.75 g/L lactic acid and 0.75 g/L 8-hydroxyquinoline, was used to modify 316 stainless steel with Ag coating (Ag-coated 316SS) as PEMFC bipolar plates. The results indicated that the compact passive film had been obtained on the surface of Agcoated 316SS. The passivation process could not only increase contact angle (from 58
Introduction
Owing to its virtue of high efficiency, high-power density, low-temperature operation, fast and easy startup, and so forth, proton exchange membrane fuel cell (PEMFC) is gaining worldwide interest [1, 2] . However, expensive cost restricts its using in large-scale market [3] . Bipolar plate is one of the most expensive components in PEMFC system. The widely used bipolar plate materials are graphite or graphite compounds [4] [5] [6] . High cost and brittleness of graphite bipolar plate limit them to large-scale applications. Therefore, many researchers aim to investigate substitute materials including carbon composite materials, light metal materials [7] [8] [9] [10] , Fe-based alloys, stainless steels [11, 12] , and Ni-based materials [13] [14] [15] . Among these alternative materials, stainless steel is a promising candidate due to its high mechanical strength, low cost, and easiness in mass production.
Davies et al. [16] proved that fuel cell performance improved with chromium and nickel contents of stainless steel bipolar plates increasing. Brady et al. [17] proposed using Cr nitride layer to decrease the corrosion of stainless steel bipolar plate and obtained promising results [18, 19] .
Based on these results, many researchers had investigated the characteristic of stainless steel bipolar plates with chromium or chromium compound coatings [13, [20] [21] [22] [23] [24] [25] [26] [27] . Although it seemed that stainless steel with chromium-based film or carbide coatings [28, 29] had become promising materials for PEMFC bipolar plate, a few of companies use them as bipolar plates in fuel cell stack until now. On the contrary, stainless steel bipolar plates with noble metal coatings were still the most suitable materials by considering corrosion resistance and conductivity. For example, Wind et al. [30] had shown that the performance of 316L bipolar plate with gold coating was similar to that of graphite. Wang et al. also confirmed that fuel cell performance of gold-plated titanium bipolar plate was better than that of graphite and pure titanium bipolar plates [9] . The characteristics of titanium bipolar plates with iridium oxide and platinum coatings were close to that of graphite bipolar plate [31] . Yoon et al. [32] evaluated the characteristics of 304SS, 310SS, and 316SS with different coatings, which included gold (2 nm, 10 nm, and 1 μm), titanium, zirconium, zirconium nitride (ZrN), zirconium niobium (ZrNb), and zirconium nitride on gold coating (ZrNAu). The results showed that the samples with a relatively thick gold coating (>10 nm) on Zr coating satisfied 2 International Journal of Corrosion the USA Department of Energy (USA DOE) target for contact resistance and corrosion resistance. However, the high cost of noble metal coatings confines its application. Since silver is a kind of relative low-cost noble metal material, electrodepositing Ag, a conventional technology for surface treatment, is suitable for protecting PEMFC stainless steel bipolar plate. Ag coatings on metallic bipolar plates have not been sufficiently viable due to pinhole defects, which are prone to corrosion and thus destroy the whole protecting film. To make defect-free coatings, methods to mitigate the presence of pinhole defects must be pursued.
In our research, a new chemical passivation technique was developed to reduce the defects of Ag-coated 316SS bipolar plate (original BP) and improve its corrosion resistance. At the same time, the bipolar plate's electrochemical characteristic, contact angle, interfacial conductivity, and surface topography were also investigated. • C. Then, the sample was rinsed in deionized water, immersed in hot water at 50
Experimental
• C for 1 min, and dried with warm air. The passivated bipolar plates (passive BP) were obtained and stored in a desiccator.
Surface Morphology.
The micrography of original BP and passive BP were observed using Nano-scope IIIa Atomic Force Microscopy (AFM, Digital Instruments). Contact angles were measured using the sessile drop method with a Dataphysics OCA 20 contact angle analyzer. The drop size of ultrapure water was 1 μL to avoid the weight effect. The digital drop image was processed by an image analysis system, which calculated both the left and right contact angles from the shape of the drop with an accuracy of ±0.1
• .
Electrochemical Tests.
Electrochemical measurements were carried out on Princeton Applied Research equipment (VMP3). The procedure was controlled by EC-Lab software. Princeton flat cell was used for the electrochemical experiments. The working electrode was original BP and passive BP with exposure area 1 cm 2 . A platinum grid was used as counterelectrode, and the reference electrode was saturated calomel electrode (SCE, saturated KCl). Solution used for electrochemical tests was 0.5 mol·L −1 H 2 SO 4 + 2 ppm F − . In order to simulate anodic and cathodic environment of PEMFC, the test coupon was put into the solution after it was bubbled with pure hydrogen gas (H 2 ) for 2 h and with air for 1 h, respectively. Electrochemical impedance spectroscopy (EIS) was made at the open circuit potential with a 5 mV ac perturbation that was controlled between 100 kHz and 0.01 Hz. The sample was stabilized at OCP for 1 h and then was polarized from OCP to positive direction with a scan rate of 1 mVs −1 . In order to investigate the stability of passive BP under PEMFC operation conditions, potentiostatic test was conducted at simulated anodic and cathodic condition, respectively. The operating condition was as follow. In simulated cathodic condition, the sample was polarized at 0.6 V in the solution purged with air. While, in anodic environment, it was polarized at −0.1 V in the solution purged with H 2 . All tests were conducted at 80
• C. Figure 1 represented AFM of original BP and passive BP. From Figure 1 , the vertical height of the sample's surface was decreased from 200 nm to below 100 nm after it was passivated. Comparing with original BP, the surface of passive BP was smoother although there was crimp on its surface, which maybe comes from 316SS matrix. Meanwhile, the clearance between Ag granule and Ag granule was diminished dramatically on the surface of passive BP. That is, the nonchromium passivation reduced the original BP's pinhole defects.
Results and Discussion

Surface Morphology.
Contact Angle and Contact
Resistance. Contact angles of original BP and passive BP were shown in Figure 2 . Contact angles for the former and the latter were 58
• and 104
• , respectively. The latter was indicative of more hydrophobic than the former. In PEMFC system, in order to prevent proton exchange membrane from dehydration, the inlet gases need to be humidified. At the same time, electrochemical reaction could produce water. So there exited many water in PEMFC system. For maintaining highpower output, the liquid water including humidified and produced water, which would flood membrane electrode assembly (MEA), must be removed in time. Since water was difficult to adhere to hydrophobic bipolar plate, using hydrophobic bipolar plate was beneficial not only for water management but also for decreasing corrosion from the weak acid solution. From Figure 2 , original BP changed from hydrophilicity to hydrophobicity after passivation. That is, bipolar plate's surface energy was decreased. Obviously, a partially hydrophobic surface of the plate material might be more beneficial for removing water from gas diffusion layer (GDL) and decreasing corrosion from the weak acid solution.
PEMFC's output power had something to do with its internal resistance. Contact resistance between bipolar plate and MEA played an important role in the internal resistance. original BP was in the range of 6.20 × 10 −3 − 5.64 × 10 −3 Ω cm −2 . When original BP was passivated, its contact resistance was 6.57 × 10 −3 − 6.09 × 10 −3 Ω cm −2 . The contact resistance of passive BP was a little bigger than that of original BP when the compact pressure was over 1.0 MPa. Since the increased contact resistance was about 4.00 × 10 −4 Ω cm −2 , the passivation process for original BP may not lead to decreasing PEMFC's output power. Figure 4 illustrates the curves of OCP versus time for samples in simulated PEMFC environment. After original BP was passivated, its OCP value increased from 0.12 V to 0.23 V in simulated cathodic environment, and the stabilized value, about 0.23 V, was obtained as soon as it was immersed in the test solution for 30 min, while that value increased from 0.13 V to 0.25 V in anodic environment. Since the homogeneous and compact passivation layer was formed on the surface of original BP, its OCP moved toward positive whether it was immersed in simulated cathodic or anodic environment. polarization potential was 0.4 V, in cathodic environment, the polarization current densities for original BP and passive BP were 0.593 mA cm −2 and 4.44 × 10 −2 mA cm −2 , respectively. The original BP's current density decreased about two orders of magnitude by passivation process, whereas, the corresponding values were 0.296 mA cm −2 and 2.27 × 10 −3 mA cm −2 in anodic environment, respectively. The current density decreased about two orders of magnitude. Figure 6 presented Nyquist plots of impedance spectra for original BP and passive BP in simulated PEMFC environment. From Figure 6 , the capacitance of passive BP was greater than that of original BP whether it was in anodic environment or in cathodic environment. The equivalent circuit models based on Takenouti's model [33] were shown in Figure 7 . Figure 7(a) is for original BP, and Figure 7(b) is for passive BP. The elements presented in the figure were shown as follows. R sol was the solution resistance between the reference electrode and the counter electrode; C P and R P denoted the capacitance and electrical leakage through the passive film; C F and R F represented the capacitance and electrical leakage through ionic conduction of the Ag film, respectively. C d and R t corresponded to the doublelayer capacitance and charge transfer resistance. Comparing to original BP, C P and R P , which attributed to the passive film, appeared in the equivalent circuit (Figure 7(b) ). Since the same corrosion solution and original BP were used, R sol , C F , and R F for original BP and passive BP seemed to resemble each other closely. So the passivation for original BP led to remarkable effect, the characteristic of electrical double layer. The EIS data were fitted using ZsimpWin software (EG&G) are summarized in The decrease and the increase of C d and R t implied that the compact passive film was formed on the surface, which meant that the passivation process provided significant protection against corrosion.
Electrochemical Characteristic
Open Circuit Potential (OCP).
Potentiodynamic Polarization Curves and EIS.
Potentiostatic Polarization
Curves. In PEMFC's operation environment, the major concern for bipolar plate materials is its anticorrosion characteristic and stability. Potentiostatic tests were conducted to study the corrosion behavior of the bipolar plate in simulated actual PEMFC working condition. The results were illustrated in Figure 8 . In cathodic condition, the current densities of original BP and passive BP decreased gradually with immersion time lengthening. There was no difference in 6000 seconds. After 6000 seconds, the current density for passive BP decreased continuously and the stabilized value, about 2.30 × 10 −2 mA cm −2 , was obtained, while that for original BP was about 3.00 × 10 −2 mA cm −2 . In anodic condition, the current densities for the two bipolar plates decreased quickly within 2000 seconds. Then, they reached the steady values, which were 1.92 × 10 −3 A cm −2 for original BP and 6.70 × 10 −4 A cm −2 for passive BP, respectively. All the results indicated that the passivation process could decrease the corrosion rate of bipolar plate in simulate PEMFC operation condition. Since vast amounts of hydrogen ions were contained in simulated anodic operation condition, and its radius is small, it could easily pass across the defects and the pinhole in the Ag film. When the bipolar plate was passivated, the defects and the pinhole were decreased and Ag film became compact. As a whole, we could conclude that the passivation process could improve the corrosion resistance of original BP. Its long-term effect needs to be conducted in the coming work.
Conclusions
A new chemical passivation technique was used to modify Ag-coated 316SS as PEMFC bipolar plates. The results indicated that the compact passive film had been obtained on the surface of Ag-coated 316SS. The passivation process could not only increase original BP's contact angle, which was helpful to water management, but also decrease surface roughness and reduce the pinhole defects of Ag coating. Electrochemical test confirmed that the passivation process reduced bipolar plate's double-layer capacitance (C d ) and increased its charge transfer resistance. So it provided significant protection against corrosion for 316SS with Ag coating in PEMFC environment.
